133456-1 



COMPOSITIONS AND METHODS FOR HYDROGEN STORAGE AND 

RECOVERY 

BACKGROUND 

[0001] This disclosure relates to devices and methods for hydrogen storage 
and recovery. 

[0002] Hydrogen is a "clean fuel" because, it can be reacted with oxygen in 
hydrogen-consuming devices, such as a fuel cell or a combustion engine, to produce 
energy and water. Virtually no other reaction byproducts are produced in the exhaust. 
As a result, the use of hydrogen as a fiiel effectively solves many environmental 
problems associated with the use of fossil-fuels. Safe and efficient storage of 
hydrogen gas is, therefore, an important feature for many applications that can use 
hydrogen. In particular, minimizing volume and weight of the hydrogen storage 
systems are important factors in mobile applications. 

[0003] Several methods of storing hydrogen are currently used but these are 
either inadequate or impractical for wide-spread consumer applications. For example, 
hydrogen can be stored in liquid form at very low temperatures. Cryogenic storage, 
however, provides a low volume density of hydrogen storage per liter, and is 
insufficient for consumer applications. In addition, the energy consumed in 
liquefying hydrogen gas is about 30% of the energy available from the resulting 
hydrogen. Finally, liquid hydrogen is neither safe nor practical for most consumer 
applications. 

[0004] An alternative is to store hydrogen under high pressure in cylinders. 
However, a 45 kilogram steel cylinder can only store about one poxmd of hydrogen at 
about 154 kilogram/square centimeter (kg/cm^), which translates into 1% by weight of 
hydrogen storage. More expensive composite cylinders with special compressors can 
store hydrogen at higher pressures of about 316 kg/cm^ to achieve a more favorable 
storage ratio of about 4% by weight. Although even higher pressures are possible, 
safety factors and the high amount of energy consumed in achieving such high 
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pressures have compelled a search for alternative hydrogen storage technologies that 
are both safe and efficient. 

[0005] Hydrogen can also be stored in several types of solid-state materials. 
The reversible storage of hydrogen in solid-state materials depends on the 
thermodynamic and kinetic properties of the storage material to absorb, dissociate, 
and react reversibly with hydrogen to form the hydrogen storage material. There are 
several modes and mechanisms in which hydrogen storage can occur if the chemical 
potentials and kinetics are favorable toward hydriding, complexation or hydrogen 
sorption. In some cases alloying or forming composite materials can favorably alter 
the thermodynamics of potential hydrogen storage materials. Also the "doping" of 
catalyst into hydrogen storage materials has been shown to improve reaction rate and 
decrease activation energy for the reversible hydrogen storage reaction. Although 
these materials strategies can improve the overall performance of several types of 
storage materials, there has not been an effort to generally exploit these chemical and 
thermodynamic properties across a wide range of storage materials. 

[0006] In view of the above, there is a need for safer, more effective and 
efficient methods of storing and recovering hydrogen. In the case of solid-state 
hydrogen storage materials there is a need to improve the thermodynamic and kinetic 
properties of storage materials to decrease sorption and desorption energy 
requirements, while maintaining a sufficient hydrogen charge and discharge rate. In 
addition, there is a desire to minimize the overall system volvraie and weight. 

BRIEF DESCRIPTION OF THE INVENTION 

[0007] Disclosed herein is a hydrogen storage composition comprising a 
catalyst composition disposed upon a storage composition; wherein the catalyst 
composition consists essentially of calciimi, barium, titanium, chromium, manganese, 
iron, cobalt, copper, silicon, germanium, rhodiimi, rhodium, rathenixmi, molybdemun, 
niobium, zirconiimi, yttrium, bariimi, lanthanum, hafiiium, tungsten, rhenium, 
osmium, or iridiirai. 
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[0008] Disclosed herein too is a hydrogen storage composition comprising a 
catalyst composition disposed upon a storage composition; wherein the catalyst 
composition comprises an alloy of calcium, barium, platinum, palladium, nickel, 
titanium, chromium, manganese, iron, cobalt, copper, silicon, germanium, rhodium, 
rhodium, mthenium, molybdenum, niobium, zirconium, yttrium, barium, lanthanum, 
hafiaium, tungsten, rhenium, osmium, iridium, or a combination comprising at least 
one of the foregoing metals. 

[0009] Disclosed herein too is a method for storing hydrogen comprising 
immersing in a gaseous mixture comprising hydrogen, a hydrogen storage 
composition comprising a catalyst composition disposed upon a storage composition, 
wherein the catalyst composition consists essentially of calcium, bariimi, titanium, 
chromium, manganese, iron, cobalt, copper, silicon, germanium, rhodium, rhodium, 
ruthenium, molybdenum, niobium, zirconium, yttrium, barium, lanthanum, hafiiium, 
tungsten, rhenium, osnGiium, or iridium; dissociating the hydrogen into atomic 
hydrogen; and storing the atomic hydrogen in the storage composition. 

[0010] Disclosed herein too is a method for storing hydrogen comprising 
immersing in a gaseous mixture comprising hydrogen, a hydrogen storage 
composition comprising a catalyst composition disposed upon a storage composition, 
wherein the catalyst composition comprises an alloy of calcium, platinum, palladiimi, 
nickel, barium, titanium, chromium, manganese, iron, cobalt, copper, silicon, 
germanium, rhodium, rhodium, ruthenium, molybdenum, niobium, zirconium, 
>1;trium, barium, lanthanum, hafiiium, tungsten, rhenium, osmium, or iridium; and 
dissociating the hydrogen into atomic hydrogen; and storing the atomic hydrogen in 
the storage composition. 

[0011] Disclosed herein too is a method for generating hydrogen comprising 
heating a hydrogen storage composition comprising a catalyst composition disposed 
upon a storage composition, wherein the catalyst composition catalyst composition 
consists essentially of calcium, barium, titanium, chromium, manganese, iron, cobalt, 
copper, silicon, germaniimi, rhodium, rhodium, ruthenium, molybdenum, niobium, 
zirconium, yttrium, barium, lanthanum, hafiiium, tungsten, rhenium, osmium, or 
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iridium; or wherein the catalyst composition comprises an alloy of calcium, platinum, 
palladium, nickel, barium, titanium, chromium, manganese, iron, cobalt, copper, 
silicon, germanium, rhodium, rhodium, ruthenium, molybdenum, niobium, zirconiirai, 
5^ttrium, barium, lanthanum, hafiiium, tungsten, rhenium, osmium, or iridium. 

[0012] Disclosed herein too is method for the storage and recovery of 
hydrogen comprising contacting a hydrogen storage composition with a first gaseous 
mixture comprising a first concentration of hydrogen; dissociating the hydrogen into 
atomic hydrogen; storing the atomic hydrogen in the storage composition; contacting 
the hydrogen storage composition with a second gaseous mixture comprising a second 
concentration of hydrogen; and heating the hydrogen storage to a temperature 
effective to facilitate the desorption of hydrogen firom the hydrogen storage 
composition. 

[0013] Disclosed herein too is an energy generation device utilizing the 
aforementioned composition and method. 

DETAILED DESCRIPTION OF THE FIGURES 

[0014] Figure 1 is a periodic table of elements indicating those metals which 
chemisorb hydrogen with a high sticking probability (+) and those which do not (-); 
and 

[0015] Figure 2 is a schematic showing a system for the absorption and 
desorption (recovery) of hydrogen firom a hydrogen storage composition. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

[0016] Disclosed herein are hydrogen storage compositions that comprise a 
catalyst composition disposed upon a storage composition, wherein the catalyst is 
capable of dissociating molecular hydrogen into atomic or ionic hydrogen and 
wherein the storage composition can store the atomic hydrogen. Disclosed herein too 
is a method for storing hydrogen that comprises immersing the hydrogen storage 
composition into hydrogen gas, dissociating the hydrogen gas into atomic hydrogen 
which is then stored in the storage composition. The stored hydrogen may then be 
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utilized for the recovery of hydrogen in energy generating devices such as fuel cells, 
gas turbines, or the like. This method of hydrogen storage and recovery may also be 
advantageously used in a land mobile such as an automobile, a train, and the like; a 
water craft such as a barge, ship, submarine, and the like; or an airborne carrier or a 
space ship such as an airplane, rocket, space station, and the like. 

[0017] The catalyst composition generally comprises metals that can 
chemisorb hydrogen with a higher sticking probability. Figure 1 shows a periodic 
table reflecting elements that display an appreciable sticking probability for hydrogen. 
In the table all materials that have a high sticking probabiUty are shown with plus (+) 
signs. Suitable examples of these metals are calcium, barium, titanium, chromium, 
manganese, iron, cobalt, nickel, copper, silicon, germanium, rhodium, palladium, 
rhodium, ruthenium, molybdenum, niobium, zirconium, yttrium, barium, lanthanum, 
hafiiium, tungsten, rhenium, osmium, iridium, platinxrai, or a combination comprising 
at least one of the foregoing metals. In one embodiment the catalyst composition 
comprises essentially of calcium, bariimi, titanium, chromium, manganese, iron, 
cobalt, copper, silicon, germanium, rhodium, rhodixmi, rutheniimi, molybdenum, 
niobium, zirconium, yttrium, barium, lanthanimi, hafiiium, tungsten, rhenium, 
osmium, or iridium; or wherein the catalyst composition comprises an alloy of 
calcium, platinum, palladium, nickel, barium, titanium, chromium, manganese, iron, 
cobalt, copper, silicon, germanium, rhodium, rhodium, ruthenium, molybdenum, 
niobium, zirconium, yttrium, barium, lanthanum, hafiiium, tungsten, rhenium, 
osmixmi, or iridium. 

[0018] Alloys of these metals may also be used. In one embodiment the 
alloys may contain platinum. In another embodiment, the alloys may contain 
palladium. In yet another embodiment, the alloys may contain nickel. Suitable 
examples of metals that may be alloyed with either platinima and/or palladiimi and/or 
nickel for the dissociation of molecular hydrogen into atomic hydrogen are calcium, 
barium, titanium, chromium, manganese, iron, cobalt, copper, silicon, germanium, 
rhodium, rhodium, ruthenium, molybdenum, niobium, zirconium, )^ttrium, barium, 
lanthanum, hafiiium, tungsten, rhenium, osmium, iridiimi, or a combination 
comprising at least one of the foregoing metals. 
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[0019] The platiniim and/or palladium and/or nickel may generally be present 
in an amount of about 0.1 to about 75 weight percent based on the total weight of the 
catalyst composition. Within this range, it is generally desirable for the platinum 
and/or palladium and/or nickel to be present in an amount of greater than or equal to 
about 0.5, preferably greater than or equal to about 3, and more preferably greater 
than or equal to about 5 wt%, of the total weight of the composition. Also desirable is 
an amount of less than or equal to about 70, preferably less than or equal to about 65, 
and more preferably less than or equal to about 50 wt%, of the total weight of the 
composition. 

[0020] The catalyst composition is disposed upon a storage composition. The 
storage composition advantageously facilitates the storage of atomic hydrogen. 
Suitable examples of materials that may be utilized in the storage compositions are 
carbon, oxides, aluminides, carbides, silicides, sulfides, nitrides, borides, oxides, 
oxynitrides, hydroxides, silicates, alanates, aluminosiUcates, or the like, or a 
combination comprising at least one of the foregoing. 

[0021] Preferred forms of carbon that may be used in the storage composition 
are those having high surface areas such as carbon black and/or carbon nanotubes. 
Suitable carbon nanotubes are either vapor grown carbon fibers, single wall carbon 
nanotubes and/or multiwall carbon nanotubes. 

[0022] Suitable oxides that may be used in the storage composition are silicon 
dioxide (e.g., fumed silica), alumina, ceria, titanium dioxide, zirconium oxide, 
tungsten oxide, vanadium pentoxide, or the like, or a combination comprising at least 
one of the foregoing oxides. The oxides may be prepared using aerogel technology. 
Metal oxides are generally preferred. The metal oxides generally comprise tungsten 
oxide (WO3), nickel oxide (Ni02), cobalt oxides (C0O2), manganese oxides (Mn204 
and Mn02), vanadium oxides (VO2 and V2O5), molybdenimi oxide (M0O2), or the 
like, of combinations comprising at least one of the foregoing oxides. 

[0023] It is generally desirable for the storage composition to have a surface 
area of greater than or equal to about 10 m^/gm. In one embodiment, it is desirable 
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for the storage composition to have a surface area of greater than or equal to about 50 
m^/gm. In another embodiment, it is desirable for the storage composition to have a 
surface area of greater than or equal to about 100 m^/gm. 

[0024] In one embodiment, the storage composition may comprise 
nanoparticles. The nanoparticles may have sizes of about 1 to about 200 nanometers 
upon which the catalyst composition may be disposed. Within this range, a particle 
size of greater than or equal to about 3, preferably greater than or equal to about 5, 
and more preferably greater than or equal to about 10 nanometers may be used. 
Within this range, particle sizes of less than or equal to about 150, preferably less than 
or equal to about 100, and more preferably less than or equal to about 80 nm may be 
used. 

[0025] The catalyst composition is generally deposited onto the storage 
composition via sputtering, chemical vapor deposition, from solution, or the like. In 
one embodiment, the catalyst composition may completely cover a surface area of 
about 1 to about 100% of the total surface area of the storage composition. Within 
this range, a surface area coverage of greater than or equal to about 5, preferably 
greater than or equal to about 10, and more preferably greater than or equal to about 
15% of the total surface area of the storage composition is desirable. Also desirable 
within this range, is a surface area coverage of less than or equal to about 90, 
preferably less than or equal to about 75, and more preferably less than or equal to 
about 50% of the total surface area of the storage composition. 

[0026] When the catalyst composition does not cover 100% of the surface 
area of the storage composition, it may be desirable for the catalyst composition to be 
disposed onto the surface of the storage composition as isolated particulates. There is 
no particular limitation to the shape of the particles, which may be for example, 
spherical, irregular, plate-like or whisker like. Bimodal or higher particle size 
distributions may also be used. The particulates of the catalyst composition may have 
radii of gyration of about 1 to about 200 nanometers (nm). Within this range, 
particulate radii of gyration of greater than or equal to about 3, preferably greater than 
or equal to about 5, and more preferably greater than or equal to about 10 nm may be 
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used. Also usable are particulate radii of gyration of less than or equal to about 150, 
preferably less than or equal to about 100 and more preferably less than or equal to 
about 75 nm. 

[0027] In another embodiment, the nanoparticles and microparticles of the 
storage composition with the catalyst composition disposed upon them may be fused 
together under pressure to form the hydrogen storage composition. It is generally 
desirable for the storage composition to be present in an amount of about 30 to about 
99 wt%, based on the total weight of the hydrogen storage composition. Within this 
range, it is desirable for the storage composition to be present in an amount of greater 
than or equal to about 35, preferably greater than or equal to about 40, and more 
preferably greater than or equal to about 45 wt% of the total weight of the hydrogen 
storage composition. Within this range, it is desirable for the storage composition to 
be present in an amount of less than or equal to about 95, preferably greater than or 
equal to about 90, and more preferably greater than or equal to about 85 wt% of the 
total weight of the hydrogen storage composition. 

[0028] In one embodiment related to the storage of hydrogen the hydrogen 
storage composition is immersed in an environment containing hydrogen. The 
hydrogen, which is molecular in structure is dissociated into atomic hydrogen by the 
catalyst composition and stored in the storage composition. The hydrogen is then 
desorbed from the hydrogen storage composition by the application of heat. 

[0029] The storage of hydrogen may be undertaken in a device termed an 
applicator. The applicator is the container that holds the hydrogen storage 
composition. In another embodiment, during the storage of hydrogen into the 
hydrogen storage composition, the hydrogen may be introduced into the applicator 
under pressure or the applicator may be pressurized after the introduction of 
hydrogen. The hydrogen storage composition may also be agitated during the storage 
process to obtain a uniform storage of hydrogen into the hydrogen storage 
composition. Since the storage of hydrogen is, in general, an exothermic reaction, the 
applicator may be cooled with water, liquid nitrogen, liquid carbon dioxide or air if 
desired during the storage of hydrogen. 
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[0030] The hydrogen may be introduced into the apphcator with other non- 
reactive gases in order to facihtate the storage process. Such a combination of 
hydrogen with other gases is referred to as a gaseous mixture. Preferred non-reactive 
gases are the inert gases. When other gases are introduced along with the hydrogen, 
the hydrogen content is generally about 50 to about 99 weight percent (wt%) based on 
the total weight of the gaseous mixture. 

[0031] During the recovery of hydrogen, heat may be supplied to the storage 
composition to generate hydrogen. In order to generate hydrogen from the storage 
composition, heat may be supplied to the storage composition in a number of different 
ways. 

[0032] In yet another embodiment, hydrogen desorption can be induced by 
heating the storage composition using an electrical resistor embedded in the 
composition. The energy of the current flowing into the resistor is converted into heat 
by the Joule effect. The amount of heat created locally by the current flow is 
particularly high in the case of a compressed powdered storage composition, with hot 
spots on the current paths between powder particles, where the resistivity is very high. 
In extreme cases, powder welding may occur at the hot spots. Therefore, the current 
parameters should be adjusted properly to avoid sintering. Depending on the 
conditions of the process, the storage composition may be heated by the use of 
multiple resistors in the manner detailed above. 

[0033] Another method of inducing hydrogen desorption consists of applying 
ultrasonic energy to the storage composition. The storage composition is first 
disposed in a liquid such as water and alcohol. By using liquids such as water or 
alcohol as energy carrier mediums, it is possible to generate shock waves and 
localized heating through acoustic cavitation, which generally occurs upon the 
application of ultrasonic energy. The acoustic cavitation results in the formation of 
hot spots that reach temperatures of as high as 5000°K over periods of less than 1 
microsecond. The formation of such hot spots having such elevated temperatures 
promotes the desorption of hydrogen. This method therefore provides for an easy and 
efficient hydrogen recovery process. 
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[0034] In one exemplary method of producing and storing hydrogen with the 
hydrogen storage compositions, a system shown in the figure comprises an optional 
hydrogen storage composition reactor (a first applicator at a first location) upstream of 
and in fluid communication with a hydrogen recovery reactor (a second applicator at a 
second location). As noted above, if desired, the first applicator may be different 
firom the second applicator and the first location may be different firom the second 
location. In another embodiment, the first applicator may be the same as the second 
applicator and the first location may be the same as the second location. The 
hydrogen storage composition may optionally be in the form of a slurry if desired. 

[0035] At least a portion of the hydrogen storage composition in the hydrogen 
recovery reactor is utilized for the recovery of hydrogen firom the hydrogen storage 
compositions. When a hydrogen storage composition has released its hydrogen it is 
termed a spent hydrogen storage composition. The hydrogen recovery reactor may 
use convectional heating, conductional heating, PEM fixel cell exhaust, ultrasonic 
energy, and the like, to heat the hydrogen storage composition for purposes of 
hydrogen recovery. The hydrogen recovery reactor is also upstream of and in fluid 
conmiunication with an optional drying and separation reactor and the spent hydrogen 
storage composition may be optionally transferred to the drying and separation 
reactor. At least a portion of spent hydrogen storage composition generated in the 
hydrogen recovery reactor is optionally recycled to the drying and separation reactor. 
The hydrogen recovery reactor is optionally supplied with water. The optional drying 
and separation reactor separates any reusable fluids such as water firom the spent 
hydrogen storage composition and recycles the fluid to the optional hydrogen storage 
composition reactor. The hydrogen storage composition is then recycled to the 
hydrogen storage composition reactor for mixing with the recycled carrier liquids and 
for regeneration. 

[0036] This method of hydrogen storage and recovery may be advantageously 
be used for on board recovery of hydrogen in fiiel cells placed on small vehicles such 
as automobiles having a weight of up to about 2,500 kilograms. This method of 
hydrogen storage and recovery may also be advantageously used in a land mobile 
such as an automobile, a train, and the like; a water craft such as a barge, ship, 
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submarine, and the like; or an airborne carrier or a space ship such as an airplane, ♦ 
rocket, space station, and the Uke. It may also be used for the recovery of hydrogen in 
fuel cells used for power generation used for residential applications, factories, office 
buildings, and the like. 

[0037] While the invention has been described with reference to exemplary 
embodiments, it will be understood by those skilled in the art that various changes 
may be made and equivalents may be substituted for elements thereof without 
departing from the scope of the invention. In addition, many modifications may be 
made to adapt a particular situation or material to the teachings of the invention 
without departing from the essential scope thereof. Therefore, it is intended that the 
invention not be limited to the particular embodiment disclosed as the best mode 
contemplated for carrying out this invention. 

[0038] What is claimed is: 
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